The measurement of the fluorescent 4-methyl-7-coumarinylamine released from the hydrolysis of a nonfluorescent peptide mode1 substrate by exoproteolytic enzymes has been adapted to flow injection analysis (FIA). FIA allows samples to be processed very quickly (less than 2 min. for tnplicate determinations) with good sensitivity (<0.1 FM) and reproducibility (relative standard deviation < 3 % at the 0.2 FM level). In a coastal marine pond, exoproteolytic activity was closely related to bacterioplankton biomass.
INTRODUCTION
we know that monomeric compounds constitute only a few percent of the DON In waters, dissolved organic nitrogen (DON) (Gardner and Stephens, 1978 ; Tuschal1 and Brezonik, represents a significant fraction of the nitrogen pool 1980). Dissolved proteins7 which make UP the lagest (Nixon and Pilson, 1983; Mantoura et al., 1988) , identified pool of DON (Sharp, 1983; Willams, 1986) , comprising up to 80% of the total dissolved nitrogen can efficiently support bacterial growth in naturd in surface waters (Suzuki et aL, 1985; Walsh, 1989) .
waters (Hollibaugh and Azam, 1983 ; Hagstrom et Although most of the DON remains unidentified al., 1984; Coffin, 1989) . Proteins, however, must be hydrolysed to amino acids to bc taken up by bacteria. Reccntly, sensitive methods have bccn proposcd in order to cstimate bacterial exoproteolytic activity (Somville and Billen, 1983; Hoppc, 1983) . These are bascd on the use of a non-fluorescent modcl peptide which yields a fluorescent product after hydrolysis of the peptide bond by proteolytic enzymes. The first rc5ults obtained by this approach support the importance of the protcolytic pathway in cnabling bacterial growth (Hoppc et al., 1988 a; Lancelot and Billen, 1984; ChrGst, 1990) and in DON cycling. Along the French Atlantic coast, shallow marine ponds cover scvcral thouïand hectares of salt marshcs. In thcse ponds, bacterial abundance (IO6 to 10' cells.ml-') is one ordcr of magnitude higher than values usually found in coastal waters (Frikha, 1989; Delmas et al., 1992) . These bacteria can grow efficiently on dissolved free amino acids (Frikha, 1989) but it was not known if the high concentration of DON recorded in thcsc ponds (ca. 40 FM, Robert et al., 1982) contributes significantly to bactcrial growth.
The aim of this study was to invcstigate, in marine pond watcr, the significance of bacterial exoprotcolytic activity in relation to both the DON pool (mainly dissolved combined amino acids) and bacterial growth. For this purpose, the previously manual detcction of the fluorescent compound liberated by exeproteolytic activity (EPA) has becn automatcd using flow injection analysis (FIA), thus reducing the time of analysis and improving both rcproducibility and sensitivity of thc measurements.
METHODS
This study was carried out in a newly dug pond (70 cm deep, 200 m2) at thc CREMA-L'Houmeau cxperimcntal site (on the West Atlantic coast of France near La Rochcllc). This pond was filled with seawater on the 8 Octobcr 1991 at high tide and cmptied three weeks later. During this period of batch growth, water tcmperature was monitored and sampling carried out daily a1 9 a.m. Within 20 min of collection, samples for determination of DON, dissolved combined and dissolved free amino acids (DCAA, DFAA) were filtered by gravity through prccombusted glass fibre filters (GFIF), using filter holdcrs and syringes, and immediately frozen. DON was determinated as nitrate (Strickland and Parsons, 1972) after in-line photochemical oxidation (UVpersulfate) with a Skalar continuous flow analyser. Urea analyses were pcrformcd with a continuous flow analyser according to the protocol of Koroleff (1983) . DFAA measurements were carried out by flow injection analysis with O-phthaldialdehyde (Delmas et al., 1990) using glycine as the standard. DCAA wcre estimated by measuring amino acids released aftcr acid hydrolysis (HCI 5.8 N, 20 hours at 105°C) and neutralization. Bacteria wcre enumerated by direct counting after staining with DAPI (Porter and Feig, 1980) in subsamples taken from 18 ml samples of pond water fixcd with borate buffercd formalin (2% final concentration). Bacterial production was determined by mcasuring incorporation of 3~-m c t h y l thymidine (40-60 Ci.mmol, 20 nM final concentration) (Fuhrman and Azam, 1982) . The rates of 3~-m c t h y l thymidine incorporation into DNA wcre converted into ceIl production using 2.18 x 10" cells produccd per mole of thymidine incorporated, thcn values were convcrtcd into bacterial carbon production assuming a ceIl content of 16 fg C (Frikha, 1989) .
Measurement of the proteolytic activity
Hydrolysis of thc non-fluorcsccnt protcin mode1 substrate (L-Leucine-4-methyl-7-coumarinylamidc, LLMCA), that yield the fluorescent, 4-methyl-7coumarinylamine (MCA), was uscd to measure cxoproteolytic activity (Hoppe, 1983; ChrGst et al., 1989) . Samplcs wcre always proccssed within minutes of collection.
In a preliminary experiment, the kinetics of LLMCA hydrolysis versus time wcre studicd in order to establish a suitable incubation time for this pond bactcrial community. For al1 other experiments, four concentrations of LLMCA wcre used to estimate the kinetic parameters of the exoprotcolytic activity (KM, VM). 50 I J .~ of 5, 10, 20 and 40 mM LLMCA solutions, prepared according to Hoppe (1983) , were added to 2 ml of watcr samplc (two replicates and one autoclaved control) yielding final LLMCA concentrations of 125, 250, 500 and 1 000 PM. Then, al1 the samples were incubated at 20'C in the dark. The substrate hydrolysis was terminatcd by cooling the test tubes in ice. The kinetic parameters (VM and KM) were calculated from the regression line of the Lineweaver-Burke transformation of thc Michaelis-Menten equation (Wright and Hobbie, 1966) .
On some occasions, the microplanktonic community was separated into three fractions, < 0.2 Fm, < 1 Pm, < 3 km, by differential filtration through Nuclepore membrane filters at minimum vacuum pressure (< 10 mm Hg) in order to assess which fraction of the community was associated with the exoproteolytic activity. ChrGst and Velimirov (1991) reported that incubatcd samples could bc storcd frozen (-20°C) before measurements without changing the enzyme kinetic paramctcrs. As this storage possibility could bc uscful in the field, we tcstcd (i) the influence of freezing alone and (ii) the combined cffect of freezing after filtration through 0.2 pm Nuclepore filters, in order to remove microorganisms, on the enzyme kinetics.
Flow injection analysis of the fluorescent MCA
Flow injection analysis of the MCA rcleased by enzymatic hydrolysis of the non-fluorescent substrate was carried out using a high performance liquid chrornatographic cquipment (HPLC). The HPLC system consisted of a pump (Kontron, model 414), an injection valve (Beckman, model 210) and a spectrofluorescence detector (Kontron, model SFM 25). Data were recorded by an HPLC computer (Kontron, model MT450). Fluorescence was measured using excitation at 380 nm and cmission at 440 nm. For thc fow injection analysis (FIA) Teflon tubing (1.5 m long, 0.3 mm I.D.) was used to connect the injection valve with the detector. A buffercd solution (0.1 M boric acid pH 10) was delivered by the pump at a flow rate of 1 ml.min-' and full loops of sample (20 pl) were directly injected. For cach sample three rcplicate injections wcrc carried out. MCA solution prepared according to Hoppe (1983) was uscd as the reference standard.
RESULTS AND DISCUSSION

Flow injection analysis
The flow injection analysis allowed at least 40 samples to be processed per hour with triplicatc injections for each sample (fig. la) . The relative standard deviation was below 3 % for 0.2 pM MCA standard and better than 1 % for higher concentrations. Using a low voltage for the photomultiplier tube (PM, e.g. 370 V) the detection limit was at the sub-micromolar level; however, sensitivity can be increased to the nanomolar level using a higher voltage for the PM tube (upper limit 900 V). During Our survey, the same standard solutions were analysed eleven times (10 repeatcd freezing and thawing processes). The results obtained show that the detection was linear over a range of two orders of magnitude ( fig. lb) , and that the relative standard deviation, which integrates day-to-day variations of the standard and that of the analytical process, was below 6 %. This demonstrates the stability of the fluorescent MCA solution during freezing; therefore, samples can be stored following incubation if enzymatic activity can be inhibited.
The kinetics of LLMCA hydrolysis were linear, at least over 100 minutes, while values measured for the autoclaved control remained constant (fig. 2) . Significant hydrolysis was observed over the first 60 min, indicating that the long incubation times generally used (3 to 10 hours; Hoppe, 1983; Chr6st et al., 1989) were long for our samples; moreover, shorter incubation times should reduce resultant perturbation of the microbial community.
A typical record of the change in relative fluorescence versus substrate concentration ( fig. 3) shows the excellent reproducibility between replicates. If we consider al1 the samples analysed during this study, the mean relative standard deviations between duplicates were 1.3, 0.69, 0.58 and 0.56% for final LLMCA concentrations of 125, 250, 500 and 1 000 pM, respectively. 
Effect of preservation and storage of the incubated sample on the enzyme activity estimations
In contrast to the results of Chr6st and Velimirov (1 99 1) sample freezing (-20 OC) was not sufficient to stop LLMCA hydrolysis as VM continued to increase ($41 %) during the storage period ÿig. 4).
Filtration of the sample through 0.2 pm pore size Nucleopore membrane filter after incubation and before freezing improved the stability of the initial VM (+ 1 1.6 % in 15 days) possibly because most of the enzymes (up to 94%) which hydrolyse LLMCA are particle-bound (Hoppe, 1983; Rego et al., 1985; Rosso and Azam, 1987) . These results suggest that Vol . 7, no 1 -1994 it should be feasable to store incubated samples before measurement, but further studies are needed in this respect. Other preservative treatments should also be investigated, such as physical and chemical denaturation of proteolytic enzymes (temperature, sodium dodecyl sulfate, etc.) as well as inhibition of the activity by protease inhibitors.
Field study in a coastal pond
During Our survey, dissolved organic nitrogenous compounds showed no significant change with time. DON and DCAA varied from 1 1.4 to 15 pM and from 2.5 to 3.3 pM, respectively. DFAA and urea were less These results are in agreement with those of previous studies (Gardner and Stephens, 1978; Sharp, 1983; Williams, 1986) . Bacterial abundance varied between 7 x 106 and 20 x 106 cells.ml-' and estimates of production between 29 and 79 pg C.l-'.d-' (table 2) ; these values are typical for these ponds during autumn (Frikha, 1989; Delmas et a l , 1992) . The absence of bacterial blooms during this stalling period agrees with previous observations, that large increases in bacterial biomass only occur when water temperatures exceed 15 OC (Delmas et al., 1992) . Maximal rates of protein hydrolysis were in the range 1.46 to 2.54 pM.h-' (table 2) . These rates are higher than those generally found in samples from the open sea (range: 0.001-0.690 pM.h-'; Rosso and Azam, 1987; Hoppe et Billen, 1984) and for freshwater lakes (range: 0.17-5.04 pM.h-'; Jakobsen and Rai, 1991) . Size fractionation of the microbial community through 0.2, 1 .O and 3 pm pore size Nucleopore filters showed that most of the exoproteolytic activity was associated with the bacterial sized fraction (>75 %, fig. 5 ). Proteolytic activity in the <0.2 pm fraction was insignificant, as usually found for marine waters (Hollibaugh and Azam, 1983; Rego et al., 1985; Rosso and Azarn, 1987) . The fact that maximum rate of hydrolysis (VM) was correlated with bactenal abundance (r = 0.575, n = 17, p < 5 %) also indicates that bacteria were responsible for the proteolytic activity.
Estimates of cell-specific enzyme activity ranged between 110 to 270 pmol.10-6 ce1ls.h-'. They were higher than generally found for bactena from the open sea (range: 10-70 pmol. 10-6 ce1ls.h-' ; Hoppe, 1983; Rosso and Azam, 1987) Hoppe et al., 1988 b; Admiraal and Tubbing, 1991) . As the availability of DON regulates both the synthesis and activity of microbial exoenzymes (Chrost, 1991) , the high specific exoproteolytic activities found may reflect the ability of the bacterial community either to hydrolyse polymeric amino compounds or to take them up, or both.
LLMCA is hydrolysed not only by leucine peptidase but also by other amino peptidases Chrost, 1991) . Hydrolysis rates of the Lleucine model substrate could thus be a good estimate of the hydrolysis rate of natural dissolved peptides and proteins (Rego et al., 1985; Rosso and Azarn, 1987) . As the in situ concentrations of DCAA are known, as is the effect of water temperature on hydrolysis rate (Qlo: 1.9 to 2.4, Hoppe, 1983; Rosso and Azam, 1987;  this study, Qlo: 1.93 to 2.05, results not shown) we can estimate the hydrolysis rates in situ using the Michaelis-Menten equation. These calculations suggest that in situ hydrolysis rates varied between 0.25 and 0.56 pM per day (mean value: 0.39 pM.day-', n = 17). If these estimates are correct, the amount of monomeric compounds liberated daily by hydrolytic activity could be similar to the measured DFAA concentrations (0.3 to 0.67 PM). Thus exoproteolytic activity could supply either a large source of DFAA or a significant source of nitrogen for bacterial growth. These in situ hydrolysis rates may be underestimated because the test may not have measured al1 the exoproteolytic activity and the KM of the model substrate is significantly higher than that of indigenous dissolved proteins (Fontigny et al., 1987) . Despite these uncertainties, the in situ rate estimates are similar to those reported by Coffin (1989) for the Delaware estuary during winter (mean value: 1.5 1 pM.d-'). Bacterial abundance was correlated with the estimated in situ exoproteolytic activity @g. 6, r = 0.75, n = 17, p < 0.1 %); moreover, in situ activity correlated with bacterial production (r=0.54, n = 15; p <5 %) whereas VM did not.
Although Our estimates of hydrolytic activities in situ may be rather rough, they are not unrealistic as they relate significantly both to bacterial biomass and to production.
The turnover time of dissolved peptides, estirnated from the Lineweaver-Burk transformation of the Michaelis-Menten equation (Wright and Hobbie, 1966) , varied between 4.9 and 11.5 days (mean value: 7.6 days), and correlated significantly with bacterial ce11 number (r=0.61, n = 17, p <0.1%, fig. 7 ). These turnover times agree with values determinated with peptide analogues (range: 2.6-116 days; Hoppe, 1988 a) or with ' 3 6~ and 14C radiolabelled dissolved proteins (range: 1-7.5 days; Hollibaugh and Azam, 1983; Coffin, 1989) in other marine environments.
Assuming a mean C/N ratio of 4.5 (by atoms) for bacteria, we can calculate that, in terms of nitrogen, the bacterial production is in the range of 0.55 to 1.47 pM.day-' (mean value: 1.03 pM.day-'). Exoproteolytic bacterial activity could liberate roughly the equivalent of 0.25 to 0.56 pM of nitrogen per day as free monomeric compounds. We have some evidence that amino acids derived from protein hydrolysis are preferentially utilized by bacteria and do not accumulate in the medium (Hollibaugh and Azam, 1983) . Thus, we can estimate, assuming 100 % transfer efficiency, that the organic nitrogen provided by exoproteolytic activity could potentially fulfill 41 % of the bacterial nitrogen demand for growth (range: 25 to 68%). As actual growth of bacteria on natural DCAA is unknown we cannot state if these estimates are realistic. However, these results, as those obtained in other environments, suggest the importance of this pathway for transforming non-directly utilizable polymeric DON into readily assimilable free monomers.
In order to increase rearing production in coastal marine ponds, experiments to stimulate primary production by adding fertilizer arc in progress (Hussenot, 1992) . These manipulations of the food wcbs can lead to significant increases in the standing stock of DON (Legrand, 1993) . Bacterial biomass, exoproteolytic activity and production are al1 likely to be augmented by increasing the production of DON. Conscqucntly, in any experiment which stimulates primary production, the effect of this stimulation on their bacterial community must be considered, particularly as, in these ponds, the bacterioplankton constitutes a signiticant fraction of the particulate organic carbon (Delmas et al., 1992) which is transferred to higher trophic levels via the microheterotrophic food chain (Frikha and Linley, 198811 989) .
CONCLUSION
Flow injection analysis allows measurement of exoproteolytic activity with good analytical sensitivity and reproducibility. This mcthod can be easily adapted to determine other enzymatic activities by using specific fluorogenic substrates (e.g. glucosidase, phosphatase). Our preliminary investigations on the storage of incubated samples yielded promising results and deferred sample analysis would be useful for field studies. In marine pond water, exoproteolytic activity was well correlated with bacterial biomass and production. The high level of exoproteolytic activity measured in pond water suggests that dissolved polymeric material is important for bacterial growth and in the cycling of dissolved organic nitrogen. In spite of the quantitative importance of dissolved peptides and proteins, their chemical characteristics, such as molecular weight distribution, remain poorly known as are their rates of hydrolysis and uptake by the microbial community. In order to study these chemical and biodynamic parameters, we are investigating analytical methods to characterize dissolved proteins quantitatively according to their molecular weight.
